The effect of gas velocity (0.56-1.15 m/s) on radial voidage distribution and cluster properties is determined by using an optical fiber probe in the freeboard of a FCC regenerator (0.48 m-I.D. × 3.4 m-high). The normalized standard deviation of pr essure fluctuation in the freeboard region decreases with increasing gas velocity. Local voidage distribution in the radial dir ection is relatively flat in the bubbling flow regime. However, in the turbulent flow r egime, voidage in the cor e region is higher than that in the wall region. Clusters move up and down simultaneously , and cluster velocity in the core region is higher than that in the wall region. Cluster length decreases with increasing gas velocity. As the gas velocity is increased, cluster frequency, fraction and voidage decr ease in the transition fr om bubbling to turbulent fluidization regime, but increase in the turbulent flow r egime. Variation of the normalized standard deviation of pressure fluctuation in the fr eeboard can be related with the cluster properties. Cluster length decreases with increasing the suspension density . The cross-sectional mean cluster length in the freeboard zone is corr elated with the suspension density as well as the experimental variables. Kuroki, 1994; Tsukada et al., 1997) with the limitations of experimental range (ε s,avg < 0.1%) and column size (≤0.2 m) due to visual restriction. In the turbulent fluidizing state, study on the solids flow behavior in the freeboard of FCC regenerator with higher solid phase holdups is relatively rare.
with the limitations of experimental range (ε s,avg < 0.1%) and column size (≤0.2 m) due to visual restriction. In the turbulent fluidizing state, study on the solids flow behavior in the freeboard of FCC regenerator with higher solid phase holdups is relatively rare.
In the present study, the effect of gas velocity (U g ) on the radial voidage distribution and the cluster properties has been determined by using an optical fiber probe technique in the freeboard region of the FCC regenerator.
Experimental
Experiments were carried out in the upper and lower parts of a FCC regenerator made from a transparent Plexiglas column as shown in Fig. 1(a) . It consisted of the upper (0.48 m-I.D.) and lower (0.26 m-I.D.) regenerators with a cyclone. The upper parts of each regenerator were expanded to 0.90 m (upper) and 0.48 m (lower), respectively. The gas distributors of the upper and lower regenerators are shown in Fig.  1(b) . Air was injected into the two regenerators, and air from the lower part of the regenerator was re-injected into the upper regenerator through pipes around the distributor. Pressure taps were mounted flush with the wall of the column and connected to a manometer or pressure transducer to measure pressure drops from which cross-sectional averaged voidage was deduced. The pressure signals from the pressure transducer were
Introduction
The FCC (Fluid Catalytic Cracking) unit has been used to convert heavy oil or residue to gasoline, heating oil and diesel fuel. In the unit, a FCC regenerator is used to burn coke-deposited catalyst for restoring catalyst activity and to supply heat to the riser reactor for the cracking reaction. Conventional FCC regenerators are generally operated in the turbulent fluidized bed regime at superficial gas velocities (U g ) of 0.6-1.2 m/s (Wilson, 1997) . In the regime, particle entrainment is comparatively high (Han et al., 1985) so that solids behavior in the freeboard has a large effect on regenerator performance. To prevent serious problems such as after-burning and erosion of internals in the regenerator, and improve gasoline yield in the FCC unit, understanding of solids flow behavior such as local voidage and cluster properties in the freeboard of the regenerator is needed.
Recent studies have focused on radial voidage distribution (Zhang et al., 1991) and cluster properties (Ishii et al., 1989; Li et al., 1991 Li et al., , 1995 Horio et al., 1992) using the optical fiber probe technique. Also, studies on cluster behavior in dilute phase were carried out by using visual image technique (Horio and amplified and sent via an A/D converter to a personal computer for recording. From the measured pressure drop gradient, the cross-sectional averaged axial solid holdup distribution was determined (Cho et al., 1994) . The differential pressure fluctuation was measured by using a pressure transducer (Valydine P306D). Spent FCC particles (Geldart group A) were used as the bed material. The mean diameter and apparent density of FCC particles were 70 µm and 2130 kg/m 3 , respectively. The transitional velocity (U c ) from bubbling to turbulent fluidized bed is found to be 0.65 m/s, which was determined from the variation of standard deviation of pressure fluctuation in the dense bed. In this study, U g in the upper regenerator was varied from 0.56 to 1.15 m/s, and that in the lower regenerator was fixed at 1.0 m/s, as in a commercial reactor. The U g in the upper regenerator is velocity considering air re-injected from the lower one.
A reflection type optical fiber probe system was used to determine the local voidage and the cluster properties. A schematic diagram and typical output signal from the optical fiber probe system are shown in Fig. 2 . The optical fiber probe consisted of two pairs of optical fibers with a diameter of 500 µm. One pair was a light projector from the light source of a Helium-Neon laser (17 mW, Uniphase Model 1144, USA), and the other at the opposite side was a receiver of the light reflected by particles. The receivers were connected to two phototransistors, an amplifier, an A/D converter and a personal computer. The sampling interval of signals was selected at 500 µs (sampling frequency of 2000 Hz) and signals were collected during the sampling time of 30 s for each experimental condition.
Data Analysis
The local voidage was calculated from the multiple regression method with the assumption that bed voidage is a polynomial function of the signal intensity (Zhang et al., 1991) . The average concentration was obtained by integrating the polynomial function that is assumed as the non-linearity between the signal reading and concentration. It was taken to equal the average concentration obtained from pressure drop in the bed (Zhang et al., 1991; Hong and Tomita, 1995; Louge, 1997) . The details of calibration method can be found elsewhere (Zhang et al., 1991; Louge, 1997) . To obtain cluster voidage (ε cl ), intensity signals of cluster phase separated from the reference line (Fig. 2) were integrated and averaged by the signal number of cluster phase. The averaged intensity signal was converted to bed voidage from the relation obtained in the calcu- (Soong et al., 1996) . Thus, a local time averaged cluster velocity (U cl ) was obtained dividing the distance between two tips (d) by time lag (τ max ) as: The cluster chord length can be calculated from contacting time (t i ) of cluster with the tip as:
The cluster frequency was determined by the number of cluster peak detected per unit time at the probe tips as:
number of cluster total sampling time 3
The cluster fraction was determined by
where t i is duration time of cluster at the tips as can be seen in Fig. 2 .
Results and Discussion

Axial solid holdup and radial voidage distribution
The effect of gas velocity (U g ) on the axial solid holdup distribution of the upper part regenerator is shown in Fig. 3 . The initial bed height was 0.5 m, and U g in the lower part regenerator was 1.0 m/s. As can be seen, the dense bed is formed up to the height around 0.6 m from the distributor, and solid holdup (ε s ) decreases exponentially with height above the dense bed. As U g is increased, ε s in the dense bed decreases, but it increases in the freeboard region due to the increase of particle entrainment from the dense bed (Cho et al., 1994) . The solids down-flow at the wall region is observed with increasing U g due to the formation of coreannulus structure at higher U g (Namkung and Kim, 1998) . Therefore, the regenerator has flow structure of gas-solid upflow in the core region and solid downflow near the wall region in the operating range of U g . In this study, the measurement of solids behavior is focused on the bed height of 0.8-1.3 m above the distributor (Fig. 3) since after-burning plays a significant role in that range due to the relatively higher catalyst holdup in the freeboard (Senior and Avidan, 1997) .
The effect of U g on ε s and the normalized standard deviation of differential pressure fluctuation in the freeboard region (measuring height = 0.8-1.0; 1.0-1.2 m) is shown in Fig. 4 . The normalized standard deviation is defined as the standard deviation of differential pressure fluctuation divided by the mean ∆P. As can be seen, ε s increases with increasing U g due to the in- crease of solid entrainment. In the bubbling and turbulent fluidization regimes, bed density and the bubble properties largely affect pressure fluctuations. In the freeboard region, the normalized standard deviation of pressure fluctuations is solely determined by solids flow behavior (Namkung et al., 1999) . As can be seen, the normalized standard deviation decreases with increasing U g above U c in the freeboard region, though ε s increases. It can be anticipated that the normalized standard deviation of pressure fluctuation is affected by unique solids behavior such as aggregation of solid particles. The radial voidage distributions with variation of U g along the bed height are shown in Fig. 5 where the cross-sectional mean voidage is relatively high and the radial voidage distribution is flat in the bubbling fluidization regime (U g = 0.55 m/s). However, the crosssectional mean and local voidages decrease with increasing U g in turbulent fluidization regime (U g > 0.83 m/s) due to the increase of solids entrainment. The local voidage in the core region (r/R = 0-0.85) (Namkung and Kim, 1998 ) is found to be higher than that in the wall region (r/R = 0.85-1.0) of the bed. The difference of voidage between the core and wall regions increases with increasing U g . The bubble or void flow pattern in the dense bed causes the radial voidage distribution in the freeboard. The bubble or void flow exhibits a local maximum in the annular ring of the bed. This maximum bubble or void distribution amplifies and moves inwards with increasing the bed height, eventually reaching the center of the bed (Clift and Grace, 1985) . Since turbulent gas flow in the freeboard region may have a parabolic shape, the gas velocity may produce radial distribution and result in radial voidage distribution (Jiang et al., 1994) . Therefore, voidage exhibits its maximum value in the center of the bed and relatively lower values near the wall region. However, the radial voidage distribution in the turbulent fluidized bed in this study is relatively flatter than that reported in the fast fluidized bed of FCC particles (Zhang et al., 1991) due to the intense particle diffusion in turbulent flow and not fully developed core-annulus structure. From these results, the spatial non-uniformity of radial voidage distribution should be considered in the analysis of gas-solid flow in the freeboard region to improve the performance of the FCC regenerator.
Cluster properties in freeboard region
A cluster is a denser island of suspended solids (Horio and Kuroki, 1994) . It is important to investigate the cluster properties to understand solids flow behavior in the freeboard region.
The effect of U g on the cross-sectional mean cluster chord length (l cl,avg ) is shown in Fig. 6 where l cl,avg decreases with increasing U g . The decreasing inclination extends to the dilute phase of the fast-fluidized bed (Fig. 6) of Li et al. (1995) . Also, the result exhibits a similar trend with variation of l cl,avg with U g in the dense bed (Horio et al., 1992) . The decrease of l cl,avg is caused by an increase of cluster segregation or fragmentation by enlarged eddies or turbulence with increasing U g . However, l cl,avg in the freeboard is about 4 times longer than that in the dense region (Horio et al., 1992) .
The radial profiles of the box plot for local cluster velocity at different U g are shown in Fig. 7 in which positive value represents upward motion, and negative value represents downward motion of clusters. The local behavior of clusters is of turbulent nature due to the scattered transient behavior. Therefore, the box plot is employed in Fig. 7 to show the essential nature of local clusters. In the box plot, the end of the box is the lower (25%) and upper (75%) quartiles in the scattered data, and the two bars aligned to a box are minimum and maximum values. As can be seen, clusters move not only upward but also downward with scattered behavior. It may be caused by the ejected clusters from the bed surface that repeatedly go up and down by consecutive mutual coalescence and segregation as shown in the visual image method by Horio and Kuroki (1994) . However, the downward velocity is totally higher compared to the upward velocity due to relatively longer length (or larger size) of cluster that is difficult to suspend at the given U g . In the radial distribution of local time averaged cluster velocity (circle symbol in Fig. 7 ), cluster velocity in the core region is higher than that near the wall region as observed in the fast fluidized beds (Li et al., 1995; Ishii et al., 1989) . However, upward cluster velocity in a fast-fluidized bed is relatively faster compared to that of this study in the turbulent fluidized bed so that it is roughly equal to downward velocity (Li et al., 1995) . In the distribution of cluster motion, clusters in the core region mainly ascend and those in the wall region descend in a fast-fluidized bed (Ishii et al., 1989) . This different solids behavior between two regimes is caused by clusters that are not completely suspended by gas flow in the turbulent fluidization regime, but they are suspended in the fast fluidization regime (Horio et al., 1992) . The effect of U g on the cross-sectional mean cluster frequency ( f ) and frequencies of upward and downward clusters is shown in Fig. 8 . As can be seen, f decreases in the transition from bubbling to turbulent fluidized beds. In the turbulent fluidization regime, it increases with increasing U g . In the direction of cluster movement, downward frequency is larger than upward frequency. Also, its variation with U g is similar to that of f. It may be caused by a considerable amount of particles entrained as a dispersed phase, and the entrained clusters are segregated and move downward. In total frequency, higher f in bubbling regime (0.55 m/s) may be due to the repeated up and down motion of clusters. In the bubbling fluidization regime, large clusters are formed by bursting bubbles at the bed surface and move upward, however they are not completely suspended and have downward motion due to relatively lower U g . In the turbulent flow regime (U g > 0.65 m/s), the frequency is governed by an increment of upward motion of cluster and the resulting increase of downward motion is due to a decrease in its size and increase in U g . Therefore, it increases with increasing U g due to the increase of solids entrainment as reported in the turbulent and fast fluidized beds of CFB (Horio et al., 1992) . As U g is increased in the riser of CFB, total frequency of clusters increases but large clusters appear less frequently due to its segregation (Horio et al., 1992) .
The effect of U g on the cross-sectional mean cluster fraction (δ) is shown in Fig. 9 . As can be seen, δ decreases with increasing U g up to 1.0 m/s, and it increases at U g > 1.0 m/s. The cluster fraction is governed by cluster length and frequency as the bubble properties (Choi and Kim, 1991) . The decreases of cluster length and frequency lead to reduction of cluster fraction in the transition from bubbling to turbulent fluidized beds. However, δ gradually increases with an increase of frequency though cluster size decreases with increasing U g in the turbulent fluidized bed. Based on the results of Figs. 6 to 9, the effect of U g on the normalized standard deviation of pressure fluctuation (Fig. 4) can be deduced. Standard deviation of pressure fluctuation is affected by solids behavior in the freeboard. The transient cluster behavior may affect the variation of standard deviation of pressure fluctuation in homogeneous dispersed phase of individual particles as that of bubbles in homogeneous emulsion phase of dense bed. The normalized standard deviation exhibits relatively higher values near U c since large clusters are not suspended, but exhibit repeated up and down motions. This corresponds to the higher values of standard deviation by the passage of larger bubbles in the dense bed Kim, 1988, 1991) . Above U c , the normalized standard deviation decreases with increasing U g due to the decrease in cluster length and increase in suspended small clusters as in the standard deviation in the dense bed by the decrease of bubble size (Choi and Kim, 1991) .
The effect of U g on the cross-sectional mean voidage of cluster (ε cl,avg ) is shown in Fig. 10 . As can be seen, ε avg decreases with increasing U g due to the increase of solids entrainment. The mean cluster voidage, ε cl,avg decreases in the transition from bubbling to turbulent fluidized beds and increases with increasing U g in turbulent fluidized bed. In the bubbling fluidization regime, there is a very thin down-flow of solids at the wall region. However, intensive down-flow of solids with clusters are observed at the wall region in the transition from bubbling to turbulent fluidized bed, and the down-flow increases with increasing U g . The formation of clusters with lower voidages in downflow solids at the wall region leads to large decrease of ε cl,avg compared to the average voidage. As U g increases further, ε cl,avg goes close to the average bed voidage and the radial distribution of cluster concentration corresponds to that of solids suspension density as in the dilute phase of fast fluidized bed (Li et al., 1991) .
From the results of cluster properties, we can deduce that the freeboard of the FCC regenerator is not only a dispersed phase of entrained individual particles but also a fluidized cluster phase in which particles agglomerate with one another and clusters are enmeshed in dispersed phase. Therefore, this solids behavior should be considered to resolve operating problems and improve the performance of FCC regenerator.
Correlations
It has been reported that cluster length is independent of voidage in clusters (Horio et al., 1992; Li et al., 1995) . However, the cross-sectional mean cluster length (l cl,avg ) is dependent upon U g (Fig. 6) .
The effect of the cross-sectional mean suspension density (ρ sus,avg ) on l cl,avg is shown in Fig. 11 . As can be seen in the dilute phase, l cl,avg decreases with increasing ρ sus,avg . This decrement is extended to results in the dilute phase of the fast-fluidized bed reported by Li et al. (1995) . In the dense phase, l cl,avg increases with increasing ρ sus,avg . Particularly, it is shown from the results of Horio et al. (1988) that l cl,avg in the dense phase of fast-fluidized bed is varied by ρ sus,avg along the bed height at a constant operating condition. Therefore, it can be deduced that l cl,avg is dependent upon ρ sus,avg .
The cross-sectional mean cluster lengths (l cl,avg ) in the dilute phase of the present and previous studies (Li et al., 1995; dilute 2. The radial voidage distribution is flat in the bubbling fluidization regime. In the turbulent fluidization regime, the local voidage in the core region is found to be higher than that in the wall region of the bed. 3. The cluster length in the freeboard decreases with increasing U g and is longer than that in the dense bed. Clusters move up and down simultaneously. The cluster velocity in the core region is higher than that near the wall region of the bed. 4. The cluster frequency decreases in the transition from bubbling to turbulent fluidized bed. In turbulent fludized bed, it increases with increasing U g . The downward motion is more pronounced than the upward one. The cluster fraction decreases with increasing U g up to 1.0 m/s, and increases U g above 1.0 m/s. 5. The cross-sectional mean cluster voidage decreases in the transition from bubbling to turbulent fluidized beds. It increases and becomes near the average voidage with increasing U g in turbulent fluidization regime. 6. In the freeboard region, cluster length decreases with increasing ρ sus,avg . The cross-sectional mean cluster length in the freeboard has been correlated with ρ sus,avg as well as the experimental variables.
